The fungal path for the catabolism of D-galacturonate is only partially known. It is however distinctly different to the wellknown bacterial path. The known elements of the fungal path are D-galacturonate reductase converting D-galacturonate to L-galactonate and L-galactonate dehydratase converting L-galactonate to L-threo-3-deoxy-hexulosonate (2-keto-3-deoxy-L-galactonate). Here we describe the missing link in this pathway, an aldolase converting L-threo-3-deoxy-hexulosonate to pyruvate and L-glyceraldehyde. Fungal enzymes converting L-glyceraldehyde to glycerol have been described previously. The L-threo-3deoxy-hexulosonate aldolase activity was induced in the mold Hypocrea jecorina (Trichoderma reesei) during growth on D-galacturonate. The enzyme was purified from this mold and a partial amino acid sequence obtained. This sequence was then used to identify the corresponding gene from the H. jecorina genome. The deletion of the gene resulted in a strain unable to grow on D-galacturonate and accumulating L-threo-3-deoxy-hexulosonate. The open reading frame was cloned from cDNA and functionally expressed in the yeast Saccharomyces cerevisiae. A histidine-tagged protein was expressed, purified, and characterized. The enzyme catalyzed reaction was reversible. With L-threo-3-deoxy-hexulosonate as substrate the K m was 3.5 mM and with pyruvate and L-glyceraldehyde the K m were 0.5 and 1.2 mM, respectively. D-Galacturonate is an important carbon source for microorganisms living on decaying plant material because D-galacturonate is the principal component of pectin. It is also of relevance in biotechnology when cheap raw materials such as pectin-rich materials like citrus peel or sugar beet pulp are to be exploited. However, knowledge about the microbial pathways for D-galacturonate catabolism is rather limited. A bacterial catabolic pathway has been described previously, whereas a fungal path is only partly known. The bacterial pathway consists of five enzymes converting D-galacturonate to pyruvate and D-glyceraldehyde-3-phosphate. The intermediate metabolites are D-ta-
gaturonate, D-altronate, D-erythro-3-deoxy-hexulosonate, and D-erythro-3-deoxy-hexulosonate-6-phosphate. The enzymes in this path are uronate isomerase (EC 5.3.1.12) (1), NADHutilizing D-tagaturonate reductase (EC 1.1.1.5) (2), altronate dehydratase (EC 4.2.1.7) (3), 2-dehydro-3-deoxy-D-gluconate kinase (EC 2.7.1.45) (4), and 2-dehydro-3-deoxy-D-gluconate-6-phosphate aldolase (EC 4.1.2.14) (5) . The fungal path is distinctly different. The first two steps of this pathway have been described. In the first step D-galacturonate is reduced to L-galactonate by an NADPH-coupled D-galacturonate reductase (6) . In Hypocrea jecorina (Trichoderma reesei) this enzyme activity was induced when grown on D-galacturonate but the activity was absent during growth on other carbon sources. The D-galacturonate reductase gene gar1 is identified and the purified protein characterized (6) . In the second step L-galactonate is converted to L-threo-3-deoxy-hexulosonate (2-keto-3deoxy-L-galactonate) by a dehydratase (7) . Also this activity was induced in H. jecorina when D-galacturonate was the carbon source for growth. The L-galactonate dehydratase gene lgd1 was identified and the corresponding enzyme characterized. A deletion in the lgd1 gene resulted in a H. jecorina strain unable to grow on D-galacturonate (7) . It remained unclear how the L-threo-3-deoxy-hexulosonate was further metabolized, whether it was phosphorylated by a kinase as in the bacterial path and then e.g. split by an aldolase to result in pyruvate and L-glyceraldehyde-3-phosphate, or whether an aldolase was active on the non-phosphorylated 2-keto-3-deoxy sugar acid, or whether still another enzyme was involved. In a previous work we hypothesized that the L-threo-3-deoxy-hexulosonate is split into pyruvate and L-glyceraldehyde by aldolase (7) , although such an activity has never been shown. In a subsequent reaction the L-glyceraldehyde could then be converted by a reductase to glycerol. Such a reductase that would use NADPH as a cofactor has been described previously for H. jecorina (8) . The missing link in this pathway is an L-threo-3-deoxy-hexulosonate aldolase that would convert L-threo-3-deoxy-hexulosonate to pyruvate and L-glyceraldehyde. It was earlier suggested that D-galacturonate is metabolized through a non-phosphorylating pathway in the mold Aspergillus nidulans (9, 10) . However it was speculated that D-glyceraldehyde is an intermediate (11) . Further support for such a non-phosphorylating pathway comes from a microarray analysis of genes transcribed in Aspergillus niger grown on D-galacturonate where, among others, genes with homologies to aldoketo reductase, racemase, and aldolase are identified, although the gene sequences are not available (12) .
EXPERIMENTAL PROCEDURES
Enzyme Activity Measurements-The aldolase activity in the forward direction was measured in a coupled assay with lactate dehydrogenase. The buffer contained 10 mM sodium phosphate, pH 7.0, 0.2 mM NADH, and lactate dehydrogenase (4 units/ml; Roche). With the fungal and yeast crude extracts the final protein concentration in the reaction was 0.5 mg/ml and with the purified histidine-tagged protein 1.1 g/ml. The reaction was started by adding L-threo-3-deoxy-hexulosonate to the final concentration of 10 mM. When the Michaelis-Menten constant was measured this concentrations was varied between 20 M and 40 mM. The reaction was monitored by following the NADH absorbance at 340 nm. The measurements were performed in a Cobas Mira automated analyzer (Roche) at a temperature of 30°C. L-Threo-3-deoxy-hexulosonate was synthesized from L-galactonate as described earlier (7) .
In the reverse direction the enzyme activity was assessed by measuring the production of L-threo-3-deoxy-hexulosonate using the thiobarbituric acid method as described earlier (13) . The buffer contained 10 mM sodium phosphate, pH 7.0, 40 mM pyruvate, and 16 mM glyceraldehyde, and the reaction was started by adding crude protein extract to the final concentration of 0.5 mg/ml. When the affinities for the aldehyde were measured the pyruvate concentration was 60 mM, and when the affinity for pyruvate was measured the L-glyceraldehyde concentration was 24 mM, and the purified histidine-tagged protein was used at concentration 1.1 g/ml. The reaction mixture was incubated for 1 and 1.5 h at room temperature and formation of the 2-keto-3-deoxy acid quantified as described (13) . L-Glyceraldehyde was synthesized from L-gulono-1,4-lactone as described previously (14, 15) . The activity is given in units, which is the activity that forms 1 mol of product per minute.
Enzyme Purification, Identification of the Gene, and Cloning of the Open Reading Frame-The mold H. jecorina (T. reesei) strain VTT-D-80133 was grown in a medium containing D-galacturonic acid/sodium D-galacturonate 20 g/liter (pH 7.0), 0.5 g/liter proteose peptone, 15 g/liter KH 2 PO 4 , 5 g/liter (NH 4 ) 2 SO 4 , 0.6 g/liter MgSO 4 ⅐7H 2 O, 0.6 g/liter CaCl 2 ⅐2H 2 O, and trace elements (16) . The mycelia were lysed by vortexing with glass beads, and the resulting protein extract was desalted by gel filtration using a PD10 column (GE Healthcare) as described (6) . The protein extract in a buffer containing 5 mM sodium phosphate, pH 7.0, was then bound to a DEAE column (GE Healthcare). 33 mg of protein was bound to 10 ml of DEAE. The protein was eluted in 2.5-ml fractions with a salt gradient from 0 to 200 mM NaCl in the same buffer. The fractions were tested for L-threo-3-deoxy-hexulosonate aldolase activity in the forward direction as described above. The active fractions were identified and separated on an SDS-PAGE. A 37-kDa protein band was identified as the aldolase. The protein band was then cut out from the gel and the protein alkylated in-gel with iodoacetamide and digested with trypsin. The peptides resulting from trypsin cleavage were extracted, and the quality of the generated peptide mass fingerprint was first determined by matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry. Partial sequences of individual peptides were then determined by liquid chromatogra-phy/electrospray tandem mass spectrometry (LC-ESI-MS/ MS). The details of that procedure have been described elsewhere (17) .
The obtained peptide sequences were then used to identify the corresponding gene in the H. jecorina genome. The open reading frame was amplified by PCR using H. jecorina cDNA as a template, using the DyNAzyme TM EXT DNA Polymerase (Finnzymes) and introducing two BamHI restriction sites. The following primers were used: 5Ј-GGATCCACCATGGCCCC-CCCATCCCTA-3Ј and 5Ј-GGATCCCTACAAAGTCTTCT-CAATCTC-3Ј. The PCR product was then cloned in a TOPO vector (Invitrogen) and sequenced.
Expression of the Aldolase Gene-From the TOPO vector described above the 1-kb BamHI fragment was released and ligated to a yeast expression vector. The expression vector was a multicopy expression vector for Saccharomyces cerevisiae containing URA3 for selection and the constitutive TPI promoter. The plasmid was derived from the pYX212 plasmid (R&D Systems); it was modified to remove the ATG and the hemagglutinin tag from the multiple cloning sites and to introduce a BamHI restriction site in the multiple cloning sites. After the correct orientation was verified the vector was transformed to the S. cerevisiae strain CEN.PK2-1B and grown in selective medium. The L-threo-3-deoxy-hexulosonate aldolase with a histidine tag at the C-or N-terminal end was produced in a similar manner as described above except that that the histidine tag was introduced by PCR. To introduce the C-terminal histidine tag the primers 5Ј-GGATCCACCATGGCCCCCCCAT-CCCTA-3Ј for the sense direction and 5Ј-GGATCCCTAGTG-GTGATGATGGTGATGCAAAGTCTTCTCAATCTCC-3Ј for the antisense direction were used. To introduce the N-terminal histidine tag the primers 5Ј-GGATCCACCATGCATC-ACCATCATCACCACATGGCCCCCCCATCCCTAC-3Ј for the sense and 5Ј-GGATCCCTACAAAGTCTTCTCAAT-CTC-3Ј for the antisense direction were used.
Characterization of the Enzyme Activity-The S. cerevisiae strains expressing the aldolase with or without histidine tag were disintegrated by vortexing with glass beads and the yeast extract analyzed for L-threo-3-deoxy-hexulosonate aldolase activity in the forward direction as described above. In a control experiment a similar strain but with an empty plasmid was used. The N-terminally histidine-tagged L-threo-3-deoxyhexulosonate aldolase was purified using a nickel-nitrilotriacetic acid-agarose column (Qiagene) according to the instructions of the manufacturer. The purified enzyme was used to estimate the Michaelis-Menten constants.
Deletion of the Aldolase Gene in H. jecorina-For the deletion of the aldolase gene a deletion cassette was constructed. For the deletion cassette 1.5 kb areas from both sides of the L-threo-3deoxy-hexulosonate aldolase gene were cloned and ligated to the pBluekan7-1.NotI plasmid (obtained from P.J. Punt, TNO Nutrition and Food Research, The Netherlands). The part upstream of the lga1 was cloned using the oligos 5Ј-GAGCTC-GATATCAGGAATTGAGGGGCCATTTG-3Ј and 5Ј-GAG-CTCGGCTGTTGTGATGGAAGGAT-3Ј introducing SacI and EcoRV restriction sites. The SacI fragment was ligated to the SacI cloning site of the pBluekan7-1.NotI. The part downstream of the lga1 was cloned with the oligos 5Ј-ACTAGTGA-TATCAGGCACTGGATCGTGTCATT-3Ј and 5Ј-ACTAGT-GTAGGCATTAGGTACGTAG-3Ј introducing SpeI and EcoRV restriction sites. The SpeI fragment was ligated to the SpeI site of the pBluekan7-1.NotI. The two DNA fragments were ligated to the pBluekan7-1.NotI vector in such a way that the orientation of the two DNA fragments relative to each other was not changed, and EcoRV could be used to release the deletion cassette. In this construct a gene for hygromycin B resistance was placed between the two fragments. The deletion cassette comprising of the two DNA fragments and the hygromycin B resistance gene was then released by EcoRV digestion, transformed to the H. jecorina VTT-D-80133 strain and selected for hygromycin B resistance using standard protocols (18) . The resulting strain was called VTT-D-80133 ⌬lga1.
Retransformation of the Aldolase Gene to H. jecorina-The aldolase gene was transformed back into the H. jecorina strain with the deletion in the aldolase gene to show that no other changes in the genome other than the aldolase gene deletion caused the observed phenotypes. An expression plasmid pAN52-1.Not1 (obtained from P.J. Punt, TNO Nutrition and Food Research, The Netherlands) was modified so that the NcoI restriction site was removed and restriction sites for BamHI, SacI, SpeI, EcoRV, ClaI, and ApaI were included between the A. nidulans gpdA promoter and trpC terminator. The aldolase open reading frame was released from the TOPO vector described above and ligated to the BamHI site of the modified pAN52-1.NotI plasmid. After the correct orientation of the open reading frame was confirmed the plasmid was cotransformed with the selection plasmid pTOC202, which contained the acetamidase-encoding amdS gene from A. nidulans as a selection marker. Transformants were selected for acetamide resistance. The retransformation of the aldolase gene was confirmed by PCR using oligos from the aldolase gene and from the gpdA promoter. The resulting strain was the VTT-D-80133 ⌬lga1 lga1.
Growth on D-Galacturonate-The H. jecorina strains VTT-D-80133, VTT-D-80133 ⌬lga1, and VTT-D-80133 ⌬lga1 lga1 were grown in a D-galacturonic acid/D-galacturonate-containing medium as described above. 250-ml shake flasks with 50 ml of medium were inoculated with 1 ϫ 10 7 spores and incubated on a shaker at 28°C, and the contents of two parallel flasks were filtered after 2, 4, and 6 days. The biomass was dried overnight at 110°C for dry mass. The supernatants were analyzed by high performance anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD) as described earlier (19) .
RESULTS
L-Threo-3-deoxy-hexulosonate Aldolase Activity-The mold H. jecorina was grown with D-galacturonate, D-glucose, D-xylose, lactose, or glycerol as the carbon source. The mycelia were then disintegrated by vortexing with glass beads and centrifuged to obtain a crude cytosolic cell extract. This crude extract was then tested for enzyme activities. In the forward direction with L-threo-3-deoxy-hexulosonate as a substrate we observed pyruvate production (0.16 units/mg) when the mycelia were grown on D-galacturonate, but significantly less (0.03 units/mg) when grown on other carbon sources. The same was seen in the reverse direction with L-glyceraldehyde and pyruvate as substrates. The reverse reaction was significantly stronger with L-glyceraldehyde (0.20 units/mg) as a substrate than with D-glyceraldehyde (0.01 units/mg). The reverse reaction was also inhibited by D-glyceraldehyde because D,L-glyceraldehyde was nearly as poor a substrate as D-glyceraldehyde (0.02 units/mg).
Partial Purification of the L-Threo-3-deoxy-hexulosonate Aldolase and Cloning of the Open Reading Frame-For purification of the L-threo-3-deoxy-hexulosonate aldolase the forward reaction with L-threo-3-deoxy-hexulosonate as a substrate was used to detect the enzyme. The desalted crude extract containing 33 mg of protein and 0.2-units/mg protein activity was bound to a DEAE column and eluted with a salt gradient. The protein with L-threo-3-deoxy-hexulosonate aldolase activity was eluted at a NaCl concentration between 60 and 90 mM as a single activity peak. The fraction with highest activity contained 0.1 mg/ml protein and had an activity of 4.5 units/mg of protein. The active fractions were analyzed by SDS-PAGE, and a 37-kDa protein was observed to coincide with the activity. This protein band was then cut out from the gel and processed to obtain partial amino acid sequences. Because the genome sequence of H. jecorina is known, these partial amino acid sequences could then be used to identify the corresponding gene sequence. The following four peptide sequences were obtained: GLVVMGSDGEAVHCTR, GFQSVPVLFGAT-EGS, AAGAAAALVLPPSYYR, and QTYYGYGGYPR. These sequences were encoded by a single gene of unknown function. We called this gene lga1 for 2-keto-3-deoxy-L-galactonate aldolase. We then cloned the open reading frame by PCR using cDNA as a template. Comparing the cDNA clone with the genomic DNA showed that there were no introns. The open reading frame consists of 945 nucleotides, and the sequence has been deposited at GenBank TM with the accession number EF203091. The open reading frame coded for a protein with 315 amino acids and a calculated molecular mass of 33,351 g/mol.
Expression in S. cerevisiae-The open reading frame was then transferred to a yeast expression vector, which was a multicopy vector with a strong constitutive promoter. When transformed to a yeast strain this vector caused the expression of an active L-threo-3-deoxy-hexulosonate aldolase. In a crude yeast extract the activity was 0.05 units/mg of protein as measured in the forward direction, whereas in the control strain no activity could be detected.
To facilitate the purification we introduced a histidine tag to the N terminus or to the C terminus of the protein. The histidine tags were introduced by adding additional nucleotide sequence by PCR to the 3Ј-end, just before the stop codon or to the start of the open reading frame, just after the start codon. Both constructs were then expressed with the same vector in the same yeast strain. When testing the two modified proteins in the crude extract of S. cerevisiae we observed that the C-terminal tag had an activity, which was about 70% reduced when compared with the non-tagged protein. The protein with the N-terminal histidine tag however had the same activity as the non-tagged. The N-terminally tagged protein was then purified and used for more detailed enzymatic characterization.
Characterization of the Purified Protein-The histidinetagged L-threo-3-deoxy-hexulosonate aldolase was purified from the crude yeast extract using a nickel-nitrilotriacetic acid column. This resulted in a protein preparation, which gave a single band in an SDS-PAGE.
To test the specificity of the enzyme we tried as substrates D-glycero-3-deoxy-pentulosonate (2-keto-3-deoxy-D-arabonate), D-threo-3-deoxy-hexulosonate (2-keto-3-deoxy-D-galactonate), and L-threo-3-deoxy-hexulosonate (2-keto-3-deoxy-L-galactonate). The production of pyruvate was measured with a coupled enzymatic assay. Activity was observed with D-glycero-3-deoxypentulosonate and L-threo-3-deoxy-hexulosonate, and the kinetic constants were then estimated for each of the compounds. For the L-threo-3-deoxy-hexulosonate we found a V max of 20.3 units/mg of protein corresponding to a turnover number of 11.3 s Ϫ1 and a K m of 3.5 mM, for the D-glycero-3deoxy-pentulosonate the V max and K m were 12.5 units/mg of protein (6.4 s Ϫ1 ) and 3.8 mM, respectively (Fig. 1) .
In the reverse direction we tested the activity with 50 mM pyruvate and various aldehydes and ketones at 16 mM. To analyze the product formation we used the thiobarbituric acid method (13) . We observed activity with L-glyceraldehyde, glycolaldehyde, and methylglyoxal. With the other substrates tested the activity was close to the detection limit, which was about 3% of the activity with L-glyceraldehyde. We tested the aldehydes formaldehyde, acetaldehyde, D-glyceraldehyde and glyoxal, and the ketones dihydroxyacetone, diacetyl, and acetone ( Table 1) .
The Michaelis-Menten constants for pyruvate and L-glyceraldehyde were estimated. The K m values were 0.5 mM for pyruvate and 1.2 mM for L-glyceraldehyde, the V max was about 6.5 units/mg of purified protein which corresponds to a turnover number of 3.6 s Ϫ1 (Fig. 2, A and B) . For glycolaldehyde a K m of 6.5 mM and V max of 0.9 units/mg were estimated (not shown).
To test whether the lga1 was essential for the growth of D-galacturonate we deleted the gene in H. jecorina. A control strain where the lga1 was expressed in the lga1-deletion strain was also generated. In this control strain the lga1 was not under the natural promoter but under the gpdA from A. nidulans. These three strains were tested for growth on D-galacturonate, glycerol, and in medium without additional carbon source. The result is summarized in Fig. 3 . On glycerol all three strains grew to about the same biomass. On D-galacturonate the strain with 
TABLE 1 Activity with pyruvate and various aldehydes and ketones
The pyruvate concentration was 50 mM, the concentration of the cosubstrate 16 mM. The purified aldolase was incubated with the two substrates, and the product formation was tested using the thiobarbituric acid assay. (b.d. stands for below detection limit.)
Substrate
Activity
Kinetics of the purified histidine-tagged protein in reverse direction. The activity was assessed by measuring L-threo-3-deoxy-hexulosonate and D-glycero-3-deoxy-pentulosonate with the thiobarbituric acid assay. A, the L-glyceraldehyde concentration is 24 mM. B, the pyruvate concentration is 60 mM. The curves are calculated for Michaelis-Menten kinetics using the constants K m 0.5 mM and V max 6.2 units/mg for pyruvate and K m 1.2 mM and V max 6.6 units/mg for L-glyceraldehyde.
L-Threo-3-deoxy-hexulosonate Aldolase
lga1-deletion (⌬lga1) did not grow, whereas the control strain (lga1) regained the ability to grow on D-galacturonate. The growth rate was slightly reduced, which might be because of the heterologous promoter that was used. There was also some growth when a medium with no additional carbon source was used. This residual growth is because of the proteose peptone, which is always present in the medium.
In the lga1-deletion strain (⌬lga1) L-threo-3-deoxy-hexulosonate was accumulating. The growth media was analyzed by HPLC for D-galacturonate, L-galactonate and L-threo-3-deoxyhexulosonate. During the 6 days of growth the D-galacturonate was consumed completely by the parent strain, whereas only a small fraction was consumed by the lga1-deletion strain. L-Galactonate accumulated with both strains to about 0.3 g/liter during the same period. L-Threo-3-deoxy-hexulosonate accumulated mainly in the deletion strain. It accumulated with a nearly constant rate to 3.6 g/liter after 6 days, whereas with the parent strain 0.3 g/liter were not exceeded.
DISCUSSION
Here we describe the identification of the missing link in the fungal D-galacturonate pathway. In previous communications we described the enzymes and the corresponding genes of D-galacturonate reductase and L-galactonate dehydratase converting D-galacturonate to L-galactonate and L-galactonate to L-threo-3-deoxy-hexulosonate (2-keto-3-deoxy-L-galactonate), respectively (6, 7) . We also identified an enzyme and corresponding gene for an L-glyceraldehyde reductase (8) . The missing link is an L-threo-3-deoxy-hexulosonate aldolase. Such an enzyme has not been described previously.
The L-threo-3-deoxy-hexulosonate aldolase activity is induced when D-galacturonate is the carbon source for growth but is absent on other carbon sources. This is already an indication that the L-threo-3-deoxy-hexulosonate aldolase is related to the D-galacturonate pathway. Upon deletion of the aldolase gene the growth on D-galacturonate is prevented providing evidence that the enzyme is part of the pathway. It also shows that it is part of the main catabolic path, i.e. there are no alternative routes. This is further supported by the observation that L-threo-3-deoxy-hexulosonate accumulated in the presence of D-galacturonate in the lga1-deletion strain (see Table 2 ).
The protein has similarities with the protein family of dihydrodipicolinate synthases. These are so called class I aldolases with a lysine in the active site, which is also involved in the catalytic reaction. In the LGA1 protein the corresponding lysine is in position 174. The protein also showed homologies to the protein family of 2-keto-3-deoxy-gluconate aldolases. These proteins are found in archae and are part of the nonphosphorylated Entner-Doudoroff pathway facilitating the aldol cleavage of 2-keto-3-deoxy-gluconate to pyruvate and D-glyceraldehyde. The protein does, however, not show significant sequence similarities to microbial 2-keto-3-deoxy-phosphogluconate aldolases. In a BLAST search the LGA1 protein had highest homology with hypothetical proteins from filamentous fungi such as those with the protein identifiers XP385304, XP957838, AAZ79448, XP754430, BAE57893, and XP660463. These proteins have between 60 and 75% identities in the amino acid sequence. They also have in common the following sequence around the catalytic lysine: HXNIXGTK*FTCXXTG-KLTRVA. The catalytic lysine is marked with an asterisk. It is likely that these proteins catalyze the same reaction as the LGA1 protein.
After the lga1 gene coding for L-threo-3-deoxy-hexulosonate aldolase was identified. We expressed it in the heterologous host S. cerevisiae. This resulted in an active enzyme. The tagging of the N terminus, unlike the tagging of the C terminus, had no detrimental effect on the enzyme activity so that we chose this construct to analyze the kinetics.
To test the specificity in the forward direction we used L-and D-threo-3-deoxy-hexulosonate. We found activity with L-but not with the D-form. The two compounds differ in their stereo specificity in C5 and C6. We also tested D-glycero-3-deoxypentulosonate. This compound is similar to the L-threo-3-deoxy-hexulosonate except that it lacks C6 (Fig. 4) . The D-glycero- 3 . Growth of the lga1-deletion strain and controls in liquid medium. The dry mass of three strains, parent strain (wt), lga1-deletion strain (⌬lga1), and the control strain where the lga1 was retransformed to the deletion strain (lga1), were grown for 2, 4, and 6 days. The medium was supplemented with D-galacturonate or glycerol or was not supplemented with an additional carbon source.
3-deoxy-pentulosonate showed activity, however, with a lower maximal velocity. This suggests that the aldolase recognizes the stereo specificity of the substrate only until the C4. This is supported by the activities found in reverse direction. Only the aldehydes L-glyceraldehyde, glycolaldehyde, and methylglyoxal showed activity together with pyruvate. The lack of activity with acetaldehyde suggests that the hydroxyl group on C5 is recognized and essential for the activity. The enzyme catalyzed reaction is reversible. In the forward direction with L-threo-3-deoxy-hexulosonate as a substrate we estimated a V max of 20 units/mg or 11.3 s Ϫ1 . In the reverse direction with pyruvate and L-glyceraldehyde as substrates the V max was 6.5 units/mg or 3.6 s Ϫ1 . We did not estimate the equilibrium concentrations. However, for a similar enzyme, the L-erythro-3,6-dideoxy-hexulosonate (2-keto-3-deoxy-L-rhamnonate) aldolase, the equilibrium was on the substrate site. In equilibrium the substrate had about 10-fold higher concentration than pyruvate and the aldehyde (20) . The K m in forward direction was 3.5 mM. This together with the assumption that for the LGA1 reaction the equilibrium is also on the site of the substrate would suggest that L-threo-3-deoxy-hexulosonate might accumulate. We indeed found an accumulation of up to 0.3 g/liter corresponding to 1.5 mM in the growth medium for the strain without modifications. Other reactions in the pathway, such as the reactions before and after the aldolase, were not reversible. The L-galactonate dehydratase was shown to convert L-galactonate quantitatively (7) , and also the glyceraldehyde reductase showed activity only with aldehyde and not with glycerol as substrate. It seems that the aldolase operates close to equilibrium, and that the catabolism through this pathway is driven by the enzymes before and after the aldolase (Fig. 5) .
The catabolic path for D-galacturonate metabolism has, except for the first step, similarities to the "non-phosphorylated Entner-Doudoroff pathway". In this pathway, D-gluconate, derived from D-glucose, is converted to D-erythro-3-deoxyhexulosonate (2-keto-3-deoxy-gluconate) which is subsequently split to pyruvate and D-glyceraldehyde. This pathway is described in a hyperthermophilic archeon (13) . Similar bacterial pathways have been described for D-xylose (21) and L-arabinose (22) . Common is that the 2-keto-3-deoxy-pentulosonate is split by an aldolase to pyruvate and an aldehyde.
There are also a few examples for such pathways in eukaryotes. In Aspergilli similar pathways for D-gluconate (23) and D-galactonate (24) were described in which an aldolase splits the 2-keto-3-deoxy-gluconate or -galactonate to pyruvate and D-glyceraldehyde. Also a yeast catabolic path for L-rhamnose is described where the 2-keto-3-deoxy-L-rhamnonate is split to pyruvate and L-lactaldehyde by an aldolase (20) . In the eukaryotic pathways these aldolase activities were described but not the corresponding genes. The identification of the L-threo-3-deoxy-hexulosonate aldolase gene might help to identify the other aldolases.
